spo0H encodes a sigma factor, sigma-H, of RNA polymerase that is required for sporulation in Bacillus subtilis. Null mutations in spo0H block the initiation of sporulation but have no obvious effect on vegetative growth. We have characterized an insertion mutation, csh203::Tn917lac, that makes spo0H essential for normal growth. In otherwise wild-type cells, the csh203::Tn917lac insertion mutation has no obvious effect on cell growth, viability, or sporulation. However, in combination with a mutation in spo0H, the csh203 mutation causes a defect in vegetative growth. The csh203::Tn917lac insertion mutation was found to be located within orf23, the first gene of the rpoD (sigma-A) operon. The transposon insertion separates the major vegetative promoters P1 and P2 from the coding regions of two essential genes, dnaG (encoding DNA primase) and rpoD (encoding the major sigma factor, sigma-A) and leaves these genes under the control of minor promoters, including P4, a promoter controlled by sigma-H. The csh203 insertion mutation caused a 2-to 10-fold increase in expression of promoters recognized by RNA polymerase containing sigma-H. The increased expression of genes controlled by sigma-H in the csh203 single mutant, as well as the growth defect of the csh203 spo0H double mutant, was due to effects on rpoD and not to a defect in orf23 or dnaG.
Alternate sigma factors of RNA polymerase are expressed sequentially during sporulation in Bacillus subtilis and direct transcription from different subsets of promoters at the proper times during development (reviewed in reference 19) . The major sigma factor, sigma-A, and the minor sigma factor, sigma-H, are present during growth and are required for the initiation of sporulation and expression of the first sporulationspecific sigma factors, sigma-F and sigma-E, encoded by spoIIA and spoIIG, respectively (8) .
Sigma-H (sigma-30) was first identified on the basis of its ability to direct specific transcription of the spoVG promoter in vitro (2) . Subsequent characterization of spo0H showed that it encoded sigma-H (7) . Mutations in spo0H block the initiation of sporulation, although growth is not affected. Sigma-H is present at low levels during vegetative growth, and the amount of sigma-H increases upon the initiation of sporulation (14) . RNA polymerase containing sigma-H transcribes a set of genes that are induced during the first hour of sporulation, many of which were identified on the basis of their requirement for proper spore formation (3, 16, 24, 37) . The products of two sigma-H-controlled genes, kinA (spoIIJ) and spo0F, are involved in phosphorylation of the transcription factor Spo0A (1, 22) . In addition, transcription of spo0A itself is controlled in part by sigma-H (4, 22, 37) , and the sigma-H-controlled promoter upstream of spo0A, Ps, is required for sporulation (29) . Other sigma-H-controlled genes or promoters include spoIIA, spoVG, rpoDP3, rpoDP4, and ftsZP2 (3, 11, 24, 36, 40) .
Additional genes or regulatory regions controlled by sigma-H (csh) have been identified as sites of insertion of transposonmediated lacZ fusions at which expression is at least partially dependent on sigma-H (16) . One of the csh::Tn917lac insertion mutations caused a growth defect in the absence of sigma-H. In otherwise wild-type cells, the csh203::Tn917lac insertion has no obvious effect on cell growth, viability, or sporulation. However, in a spo0H (sigma-H) mutant, the csh203 mutation causes a defect in vegetative growth. We show below that this insertion is located in orf23 of the rpoD (sigma-A) operon.
The rpoD operon of B. subtilis ( Fig. 1 ) contains three genes in the order orf23, dnaG, rpoD (32) . orf23 (previously P23) encodes a nonessential protein of approximately 23 kDa with unknown function (32, 43) . dnaG (formerly called dnaE) encodes DNA primase (34) . rpoD encodes sigma-A (23).
Six promoters have been identified in the rpoD operon ( Fig.  1) , and three of these promoters are induced during sporulation. The major vegetative promoters, P1 and P2, lie upstream of all three genes and are transcribed by RNA polymerase holoenzyme containing sigma-A (33). Two promoters, P3 and P4, are induced at the start of sporulation and are recognized by sigma-H. Both of these sigma-H-controlled promoters are located within orf23 (3, 24, 33) . Here we show that the csh203::Tn917lac insertion is in orf23 and separates the coding region of rpoD from the major vegetative promoters, leaving expression of rpoD under the control of the minor sigma-Hcontrolled promoter, P4.
Results described below show that expression from several promoters recognized by RNA polymerase containing sigma-H is altered in the csh203 mutant. Expression during growth from some sigma-H-controlled promoters was 2-to 10-fold greater in the csh203 mutant than in wild-type cells. These phenotypes, including the growth defect of the csh203 spo0H double mutant, were due to effects on rpoD and not to effects on orf23 or dnaG.
MATERIALS AND METHODS
Strains. The B. subtilis strains used are listed in Table 1 Plasmids. The plasmids used are listed in Table 2 , and relevant regions of the rpoD operon are shown in Fig. 1 .
pKH46 carries an rpoDP4-lacZ transcriptional fusion which can be integrated into the nonessential amyE locus of B. subtilis. It was constructed by inserting a StuI-BamHI fragment from pKH45 into the vector pKS5 between the EcoRI and BamHI sites. pKH45 was constructed by inserting a HaeIII fragment containing the P4 promoter into pBluescript II SKϩ between the EcoRV and SmaI sites of the polylinker. pKH49 and pKH56 were used to construct a partial duplication of the rpoD operon, in which orf23 and dnaG are transcribed from the major vegetative promoters P1 and P2 while rpoD is dependent on minor promoters as in the csh203::Tn917lac mutant. pKH49 was constructed by inserting a BglII-EcoRI fragment of pKH39, which included the Tn917 insertion site of csh203 and the entire dnaG gene, into the integrational vector pGEMcat between the EcoRI and BamHI sites. Similarly, pKH56 was constructed by inserting a ClaI-BamHI fragment of pKH39, which included the Tn917 insertion site of csh203 and the entire dnaG gene, into the integrational vector pJH101 between the ClaI and BamHI sites.
pKH61 contains a deletion-insertion of rpoD and was constructed by deleting the HpaI fragment internal to the rpoD gene of pCPS22 and inserting a SmaI fragment from pKS4 containing the erm gene (MLS r ). Cloning of csh203::Tn917lac. DNA flanking the csh203::Tn917lac insertion was cloned by standard techniques (39) . Briefly, part of the plasmid pTV21⌬2 was crossed into the transposon, providing an E. coli origin of replication and selectable markers for E. coli (bla) and B. subtilis (cat). Chromosomal DNA from this strain was digested with one of several restriction enzymes and ligated under conditions favoring unimolecular ligation. The ligation mixture was used to transform E. coli, with selection for ampicillin resistance. Candidate clones were screened by restriction analysis, and the cloned B. subtilis DNA was subcloned into appropriate vectors as needed. Clones upstream of the transposon were obtained by using EcoRI (pKH37) and HindIII (pKH38), and a downstream clone was obtained by using BamHI (pKH39).
DNA sequencing. DNA adjacent to the csh203::Tn917lac transposon was sequenced from pKH37 by using the Sequenase kit (U.S. Biochemical Corp.) and primers KI-1 (5Ј-GTGGGAATTTGTACCCC-3Ј) and KI-3 (5Ј-AGAGAGAT GTCACCGTC-3Ј), which are specific to the ends of the transposon (15) . Media and growth conditions. LB medium (5) was used for routine growth and maintenance of B. subtilis and E. coli 2ϫSG medium (18) or Difco Sporulation (DS) medium (28) was used as nutrient sporulation medium for B. subtilis. Minimal medium for B. subtilis was the S7 minimal salts medium described by Vasantha and Freese (31) , except that MOPS (morpholinepropanesulfonic acid) buffer was used at 50 mM instead of 100 mM. The minimal medium was supplemented with 1% glucose, 0.1% glutamate, and required amino acids at a final concentration of 40 g/ml. Medium for plates was solidified with 15 g of agar (Difco Laboratories) per liter. Sporulation in minimal medium was initiated by the addition of mycophenolic acid (Sigma) at a final concentration of 30 g/ml (10) to cultures at an optical density at 600 nm of 0.5 to 0.8. IPTG (isopropyl-␤-D-thiogalactoside) was used at final concentrations between 1 M and 1 mM to induce expression of rpoD from the IPTG-inducible promoter Pspac. Ampicillin was used at 100 g/ml, chloramphenicol was used at 5 g/ml, and phleomycin was used at 0.4 g/ml. Resistance to macrolide-lincosamide-streptogramin B (MLS) antibiotics was selected by using a combination of erythromycin and lincomycin at 0.5 and 12.5 g/ml, respectively.
Transformation. E. coli cells were made competent and transformed by standard procedures (27) . Cells of B. subtilis were made competent as previously described (6, 26) .
Specialized transduction. The spoVG-lacZ fusion was contained in the specialized transducing phage SP␤::(spoVG-lacZ erm cat) (41) . Specialized transduction was done with phage lysates prepared by heat induction (13) . Phage were added to cells in mid-exponential growth in either LB or minimal medium, mixtures were incubated for 30 min at room temperature, and transductants were selected on appropriate plates.
␤-Galactosidase assays. Cells were grown in S7 minimal medium supplemented with 1% glucose, 0.1% glutamate, and required amino acids, and samples were taken at various times. Toluene was added to permeabilize the cells, and samples were stored frozen at Ϫ70ЊC. ␤-Galactosidase activity was measured as previously described (20) and is presented as (⌬A 420 per minute per milliliter of culture) ϫ 1,000. ␤-Galactosidase specific activity is expressed as the ␤-galactosidase activity per optical density unit (at 600 nm).
RESULTS AND DISCUSSION
The csh203::Tn917lac transposon insertion was isolated as a lacZ fusion to a gene or regulatory region controlled by sigma-H, the spo0H gene product (16) . csh203-lacZ was expressed during growth, and expression increased slightly after induction of sporulation ( Fig. 2 and reference 16) . A null mutation in spo0H caused a decrease in expression during growth and abolished the increase in expression under sporulation conditions (Fig. 2 and reference 16) . These results indicate that expression of csh203 might be controlled by multiple promoters, at least one of which depends on sigma-H.
Previous work showed that the csh203::Tn917lac insertion mutation causes an interesting growth phenotype (16) . In otherwise wild-type cells, the csh203::Tn917lac insertion mutation had no obvious effect on cell growth, viability, or sporulation. However, in combination with a spo0H mutation, the csh203:: Tn917lac mutation caused a growth defect in some media. In minimal medium, the growth rate of the csh203::Tn917lac spo0H double mutant was similar to that of the otherwise isogenic wild-type strain. However, in LB medium, the csh203::Tn917lac spo0H double mutant grew more slowly (doubling time, ϳ50 min) than did wild-type cells (doubling time, ϳ25 min) or either single mutant (doubling time, ϳ25 min). In addition, the csh203:: Tn917lac spo0H double mutant formed very small colonies on LB agar plates, reflecting the growth defect. determined by cloning and sequencing DNA flanking the site of the transposon insertion (see Materials and Methods). csh203::Tn917lac is an insertion in orf23 (also called P23) of the rpoD (sigma-A) operon (Fig. 1) . The sequence of approximately 100 bases of DNA upstream of the transposon junction was determined (data not shown) and found to match the published sequence of orf23 (32) (GenBank accession number X03897). The transposon was inserted between nucleotides 1044 and 1045 of the published sequence, i.e., within codon 64 of the 196-codon orf23.
The location of csh203::Tn917lac in the rpoD operon (Fig. 1 ) is consistent with its pattern of expression. Transcription of the lacZ reporter during exponential growth presumably comes from the major sigma-A-dependent promoters P1 and P2, as well as from the sigma-H-dependent promoter P3. The increase in transcription upon the initiation of sporulation depends on sigma-H and presumably comes from P3.
The phenotype of the csh203::Tn917lac spo0H double mutant can be explained in the context of the location of the transposon insertion in the rpoD operon. The transposon separates the major vegetative promoters P1 and P2 from the coding regions of two essential genes, dnaG and rpoD. Transcription from the minor promoter P4 may be sufficient for normal growth but is dependent on RNA polymerase containing sigma-H (24). In the csh203::Tn917lac spo0H double mutant, there may not be enough expression of dnaG and/or rpoD to support normal growth.
The requirement for sigma-H in the csh203 mutant is due to effects on rpoD. The growth defect in the csh203::Tn917lac spo0H double mutant was due to effects on rpoD and not to a lack of the orf23 or dnaG gene products. A strain containing a partial duplication of the operon was constructed in which orf23 and dnaG are intact and transcribed from the major vegetative promoters P1 and P2 while rpoD is separated from the major vegetative promoters, analogous to the situation in strains containing the csh203 transposon insertion. This strain was constructed by integrating plasmid pKH49 or pKH56 into the rpoD operon in the bacterial chromosome.
The orf23::pKH49 spo0H double mutant had a growth phenotype similar to that of the csh203::Tn917lac spo0H double mutant. It grew more slowly than did the wild type or either single mutant and formed small colonies on LB plates. Since orf23 and dnaG are intact in this strain and the upstream sequences are the same as in wild-type cells, it seemed that the phenotype was probably due to decreased expression of rpoD.
A fusion to the LacI-repressible, IPTG-inducible promoter Pspac (Pspac-rpoD), located in the silent chromosomal Tn917 insertion, chr::Tn917⍀HU160 (17), was used to increase expression of rpoD. Expression of Pspac-rpoD in the csh203:: Tn917lac spo0H double mutant relieved the growth defect, as judged by colony size and growth rate. These results indicate that the growth defect in the csh203::Tn917lac spo0H double mutant is due to a decrease in expression of rpoD.
We do not understand why the phenotype caused by the csh203 spo0H double mutant is different in different growth media. Cell physiology is quite different in rich and minimal media, and the demands on RNA polymerase might be much greater as cells try to grow faster in rich medium. We have not investigated this further.
Transcription from promoters controlled by sigma-H is increased in the csh203 mutant. The bulk of rpoD transcripts initiate from P1 and P2 in wild-type cells (33) . Since transcription of rpoD from these promoters is blocked in the csh203 mutant, we wondered where dnaG and rpoD transcripts initiate in this mutant. We mapped the 5Ј ends of transcripts that extend into dnaG in the csh203 mutant by primer extension analysis, as described previously (24) . Similar primer extension products were produced from RNAs from the wild-type and the csh203::Tn917lac mutant. However, there appeared to be an increase in the amount of RNA mapping to rpoDP4 in the csh203 mutant relative to that in the wild type (data not shown).
To measure expression from rpoDP4 more easily and accurately, we constructed an rpoDP4-lacZ transcriptional fusion (pKH46 [see Materials and Methods]). The level of expression of ␤-galactosidase from this single-copy fusion was two-to threefold higher in the csh203 mutant than in the wild type during exponential growth in minimal medium (Fig. 3A) . For these experiments, the lacZ gene from the original csh203:: Tn917lac insertion was deleted so that expression of only one gene fusion would be measured (see Materials and Methods).
Expression of several additional genes that are controlled by sigma-H was increased in the csh203 mutant during exponential growth. spoVG is normally expressed at a relatively low level during exponential growth, and expression increases very early after the initiation of sporulation (41) . Expression of spoVG depends on sigma-H (spo0H) and is also controlled by the repressor AbrB (25, 42) . The level of expression of spoVGlacZ during exponential growth was nearly 10-fold higher in 
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csh203:: Tn917lac, AN INSERTION IN rpoD OPERON  3739 the csh203 mutant than in the wild type (Fig. 3B ). In addition, expression from the P3 promoter of the rpoD operon (rpoDP3-lacZ) and the P2 promoter of the ftsAZ operon (ftsAZP2-lacZ) was increased two-to threefold in the csh203 mutant (data not shown). The csh203 mutation had no detectable effect (during growth and sporulation) on expression of spoIIA, a sigma-Hcontrolled gene that is expressed during sporulation (data not shown). Expression of several lacZ fusions to promoters recognized by RNA polymerase containing sigma-A was normal in the csh203 mutant, during both growth and sporulation. The csh203 mutation had little or no effect on expression of spo0H-lacZ (see below), ald-lacZ, spo0K-lacZ, and spoIIG-lacZ (data not shown). Increased activity of sigma-H-controlled promoters in the csh203 mutant is due to effects on rpoD. Like the phenotype of the csh203 spo0H double mutant, the changes in gene expression which result from the csh203 mutation were caused by effects on rpoD. Expression of rpoDP4-lacZ in the orf23:: pKH49 mutant was similar to that in the csh203 mutant and was increased relative to that in the wild type (Fig. 3A) . Similar effects were seen with the orf23::pKH56 mutant (data not shown).
Increasing the amount of sigma-A in the csh203 mutant by induction of the Pspac-rpoD fusion led to a decrease in expression of rpoDP4-lacZ and spoVG-lacZ (Fig. 4) . Expression of rpoDP4-lacZ and spoVG-lacZ dropped to or below the level seen for wild-type cells (compare Fig. 3 and 4) . These results indicate that, in the csh203 mutant, the increased expression of promoters controlled by sigma-H is probably due to a decrease in the amount of sigma-A.
While the phenotypes caused by the csh203 insertion mutation are almost certainly due to a decrease in the intracellular concentration of sigma-A, we could detect little or no difference between the amounts of sigma-A in the csh203 mutant and the wild type with a monoclonal antibody raised against sigma-70 of E. coli (provided by R. Burgess [30] ). A twofold change in the amount of sigma-A would have been detected (data not shown). The csh203 mutation may cause a relatively small change in the amount of sigma-A, beyond the limits of detection in this assay. As the amount of sigma-A in the cell exceeds the amount of sigma-H, a small decrease in the amount of sigma-A could be responsible for the effect on expression of genes controlled by sigma-H. Increased expression of sigma-H-controlled genes does not result from increased transcription of spo0H. Potentially, an increase in expression of sigma-H could be the cause of an increase in expression of genes controlled by sigma-H. However, transcription and translation of spo0H did not seem to be increased in the csh203 mutant. Expression of a translational lacZ fusion to the 5Ј end of spo0H in the csh203 mutant was similar to or slightly lower than that in wild-type cells (Fig. 5) . Of course, this does not rule out possible effects on the 3Ј end of the spo0H mRNA or posttranslational effects on the sigma-H protein.
Changes in expression of sigma-A alter expression of genes controlled by sigma-H. To further address the effects of changes in the expression of sigma-A on expression of genes controlled by sigma-H, we constructed a strain, Pspac-rpoD ⌬rpoD, in which expression of the only copy of rpoD was under control of the LacI-repressible, IPTG-inducible promoter Pspac, which is recognized by RNA polymerase containing sigma-A. This strain required IPTG for growth, and the amount of IPTG in the culture medium determined the phenotype of the strain. Growth was impaired at IPTG concentrations lower than 10 M, and sporulation was impaired or delayed at low and high concentrations of IPTG (14a) .
Altering the amount of IPTG had significant effects on transcription from the rpoDP4 promoter. At 30 M IPTG, expression from P4 was similar to that in wild-type cells. At lower 
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concentrations of IPTG, expression from P4 was higher than that in wild-type cells. Conversely, at higher concentrations of IPTG, expression from P4 was lower than that in wild-type cells (Fig. 6 ). These effects are analogous to the phenotype caused by the csh203 mutation and to effects caused by overexpression of rpoD. Our results are most consistent with the interpretation that the amount of sigma-A is reduced in the csh203 mutant, even though we have been unable to show this directly. The phenotype caused by csh203 is due not to a defect in orf23 but to effects on rpoD, and the phenotype is reversed by expression of an additional copy of rpoD from Pspac. Also, altering expression of rpoD in the Pspac-rpoD ⌬rpoD strain with different amounts of IPTG caused effects on gene expression similar to those caused by the csh203 mutation. It seems that in the csh203 mutant, rpoD is transcribed predominantly from the sigma-H-dependent rpoDP4 promoter, leading to an intracellular concentration of sigma-A that is lower than normal but not so low that growth is impaired. The reduction in sigma-A is sufficient, however, to alter the relative transcription from sigma-A-dependent and sigma-H-dependent promoters.
These results can best be understood in the context of a simple competition model. If sigma factors present in the cell compete for binding to core RNA polymerase, then decreasing the intracellular concentration of sigma-A might allow more molecules of RNA polymerase to bind to sigma-H. Conversely, increasing the concentration of sigma-A in a cell would decrease the fraction of holoenzyme that contains sigma-H. Such a competition model implies that free core RNA polymerase is the limiting component for holoenzyme formation.
FIG. 6. Expression of rpoDP4-lacZ increases as expression of Pspac-rpoD decreases. Strains KH592 (rpoDP4-lacZ) and KH594 (rpoDP4-lacZ ⌬rpoD::erm Pspac-rpoD) were grown in minimal medium, and samples were taken during exponential growth. Strain KH594 was grown overnight on LB plates with 50 M IPTG. Cultures were inoculated into medium with the indicated amount of IPTG and allowed to double at least four times before samples were taken. (A) ␤-Galactosidase specific activity plotted as a function of optical density of the culture. ϩ, wild type (wt), strain KH592; all other data, Pspac-rpoD ϩ ⌬rpoD strain KH594. The various concentrations of IPTG are shown on the right. (B) Average ␤-galactosidase specific activity was calculated from the data in panel A, as well as data from parallel cultures in other concentrations of IPTG. Average ␤-galactosidase specific activity in the Pspac-rpoD ⌬rpoD strain is plotted as a percentage of the ␤-galactosidase specific activity from rpoDP4-lacZ in wild-type cells, as a function of IPTG concentration. 
